We perform a coupled-channels study of the low-lying states in 13, 15, 17, 19 Λ C with a covariant energy density functional based microscopic particle-core coupling model. The energy differences of 1/2 − and 3/2 − states in 13 Λ C and 15 Λ C are predicted to be 0.25 MeV and 0.34 MeV, respectively. We find that configuration mixings in the 1/2 − and 3/2 − states of 15 Λ C are the weakest among those of 13, 15, 17, 19 Λ C. It indicates that 15 Λ C provides the best candidate among the carbon hypernuclei to study the spin-orbit splitting of p Λ hyperon state.
Hypernuclei, Nuclear Density Functional Theory and Extensions, Energy Spectra
The spectroscopy of hypernuclear low-lying states is very important to understand the structure of hypernuclei and the hyperon impurity effect in atomic nuclei. Several novel phenomena about Λ hyperon have already been discovered by studying energy spectra and electromagnetic transitions of low-lying states in p-shell hypernuclei. One of them is the shrinkage effect of Λ hyperon in 6 Li, which was indicated from the measurement of γ-ray transition probability from 5/2 6 Li has been converted into the reduction of atomic size by about 19% [1] . Another novel finding is about the weak spin-orbit splitting (ℓs) of p Λ state in states was determined to be 152 ± 54(stat) ± 36(syst) keV [2] , which has been interpreted as the spin-orbit splitting between 1p 1/2 and 1p 3/2 hyperon states in 13 Λ C. Here, this interpretation relies on the assumption that the 1/2 states cannot be naively interpreted using such a simple picture due to a large effect of configuration mixings [4] [5] [6] [7] . It has been found in a recent study that the mixing amplitude is negligibly small in spherical and weakly-deformed hypernuclei, but strongly increases as the core nucleus undergoes a transition to a well-deformed shape [8] . This perturbs the interpretation of their energy difference as the spin-orbit splitting for the p Λ state.
Considering the great success of covariant density functional theory for atomic nuclei [9] and hypernuclei [10] , in this letter, we examine the configuration mixing in the lowlying states of 13, 15, 17, 19 Λ C with a novel microscopic particlecore coupling model built on a multi-reference covariant density functional theory (MR-CDFT). The MR-CDFT has been successfully adopted to describe the low-lying states of carbon isotopes [11] . It provides a good starting point for studying the hypernuclear low-lying states. Special emphasis will be placed upon the energies and the ingredients of the wave functions for the lowest 1/2 − and 3/2 − states in the carbon isotopes.
In the microscopic particle-core coupling model [5] [6] [7] , wave functions of the low-lying states of Λ hypernuclei are constructed as
where r and r i are the coordinates of the Λ hyperon and the nucleons, respectively. R jℓnI (r) and Y jℓ (r) are the radial wave function and the spin-angular wave function for the Λ-particle, respectively. The index n = 1, 2, . . . distinguishes different core states for a given angular momentum I. The nuclear core states |Φ nI are determined from the MR-CDFT [12] [13] [14] [15] ,
The symmetry-conserving reference states are a set of axially deformed mean-field states |β projected onto angular momentum (I) and particle numbers (N, Z)
where theP I MK , andP N ,P Z are projection operators. The mean-field states |β are obtained by relativistic mean-field plus BCS calculations with a constraint on the quadrupole deformation parameter β. The weight function F nI (β) and the energy E nI of the state |Φ nI are the solutions of the HillWheeler-Griffin (HWG) equation [16] . The Hamiltonian kernel is calculated with the mixed-density prescription, i.e., the off-diagonal elements of the energy overlap (sandwiched by two different reference states) take the same energy functional form as that of the diagonal one provided that all the densities and currents are replaced by the mixed ones [14, 15] .
The HamiltonianĤ for the whole Λ hypernucleus is chosen as [7] Ĥ
whereT Λ is the kinetic energy of the hyperon, andĤ c is the many-body Hamiltonian for the core nucleus, satisfyinĝ H c |Φ nI = E nI |Φ nI . The third term on the right side of Eq. (4) represents the interaction term between the Λ particle and the nucleons in the core nucleus, where A c is the mass number of the core nucleus. The nucleon-Λ (NΛ) interaction takes the form derived from a relativistic point-coupling energy func-
The equationĤ|Ψ J M = E J |Ψ J M is transformed into coupled-channels equations in relativistic framework. Therefore, the R jℓnI (r) is a four-component wave function that is solved by expanding on a set of radial wave functions of spherical harmonic oscillator. The expansion coefficients are determined by solving the coupled-channel equations, in which all the potentials coupling different channels are related to transition densities between low-lying states of core nuclei from the MR-CDFT calculation. More details about the microscopic-particle core coupling model can be found in Refs. [5] [6] [7] .
The wave functions of the mean-field states |β in Eq.(3) are products of single-particle wave functions which are obtained by solving the Dirac equation self-consistently on a harmonic oscillator basis with 12 major shells. The parameter sets PC-F1 [18] and PCY-S4 [17] are adopted for the effective nucleon-nucleon and NΛ interaction, respectively. In the particle-number and angular-momentum projection calculation, the number of mesh points for gauge angle in [0, π] is chosen to be 9 and that for Euler angle θ in the interval [0, π] is chosen to be 16. The radial wave function in Eq. (1) is expanded on the radial part of spherical harmonic oscillator basis with 18 major shells. Figure 1 shows the low-lying states of 12, 14, 16, 18 C from the MR-CDFT calculation, in comparison with data [19] . Since the exact particle-number projection is adopted in the present calculation, the predicted energy spectra are somewhat different from those presented in Ref. [11] , where only an approximate way [13] was adopted to take care of the particle-number conserving effect. One can see that the main characters of the energy spectra are reproduced rather well. Our calculation gives a vibrational-like spectrum for 14 C and rotational-like spectra for other isotopes. Λ C (with the Λ on the lowestenergy state) and core nuclei A c C from pure mean-field calculations are also provided in Table 1 . One can see that the quadrupole deformation of the whole Λ hypernuclei is decreased in comparison with that of core nuclei. This finding has already been found in many studies [21] [22] [23] [24] [25] [26] . Table 1 The binding energies (in unit of MeV) of Λ hyperon in ground states of carbon isotopes from the microscopic particle-core coupling model calculation. The intrinsic quadrupole deformation parameters β and β c from the pure mean-field calculations for hypernuclei and nuclear core are also given. Λ C. The positive-parity ground-state band with spinparity of (I ± 1/2) + in all the four carbon hypernuclei shares a similar structure to that for the corresponding core nucleus and their wave functions are dominated by the configuration of [Λs 1/2 ⊗ I + ], where Λs 1/2 denotes the Λ particle in the s 1/2 state. In contrast, the low-lying negative-parity states J 
15
Λ C provides a more ideal hypernucleus with which to extract the ℓs splitting of p Λ state. The stronger configuration-mixing amplitude in 13 Λ C than that in 15 Λ C can be traced back to the relatively larger quadrupole collectivity of corresponding core nucleus. Previous study [11] has shown that the energy surface of 12 C as a function of deformation β is much softer than that of the closed-shell nucleus 14 C and thus 12 C possesses a larger quadrupole collectivity from dynamic shape fluctuation. 
is also observed in the carbon hypernuclei. In short, our results indicate that 15 Λ C is a more ideal hypernucleus than 13 Λ C to extract the ℓs splitting of the p Λ state. Table 2 The probability P (defined as P ≡ drr 2 |R jℓnI (r)| 2 ) of the dominant components in the wave functions for some selected negative-parity states. The components with probabilities smaller than 0.001 are not given. C from the microscopic particle-core coupling model. We have investigated the low-lying states in 13, 15, 17, 19 Λ C with a microscopic particle-core coupling model based on the MR-CDFT. It has been found that the positive-parity ground-state band of hypernuclei with spin-parity of J π = (I ± 1/2) + is dominated by the configuration of [Λs 1/2 ⊗ I + ] and shares a similar structure to that for the core nucleus with spin-parity I + . In contrast, the low-lying negative-parity states J 
